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Abstract
In this manuscript, a unified approach to hadron physics from holographic
point of view is described. After introduction of a general setup for meson-
nucleon system based on the bottom-up approach of QCD (AdS/QCD), as an
illustration, we specifically examine meson-nucleon couplings. This is an example
of the notion we call “holographic unification” in hadron physics.
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1 Introduction
Gauge/string duality conjectured by Maldacena [1] is one of the greatest developments
in particle physics during the last decade. It has not been proven mathematically yet,
nevertheless has gained enough credit through tons of nontrivial consistency checks [2].
The original version of the duality called AdS/CFT correspondence proposed in
[1] is connecting type IIB supergravity theory compactified on 5 dimensional Anti-de
Sitter space (AdS5) and 5 dimensional sphere (S
5) to N = 4 supersymmetric (SUSY)
Yang-Mills theory in 4 dimensions. Since the beta function of N = 4 SUSY Yang-Mills
is vanishing [3], it is described by conformal field theory (CFT). From this reason, the
correspondence is called AdS/CFT. After Maldacena’s work, the original version of the
AdS/CFT duality has been extended to less supersymmetric cases and even to non-
supersymmetric ones. Besides the idea of the AdS/CFT duality is deeply connected to
that of “holography”, which was proposed by several people [4].
The most remarkable property of the conjecture is that a strongly-coupled quantum
field theory can be described by a weakly-coupled classical supergravity and vice versa.
This observation has immediately led many people to study nonperturbative proper-
ties of field theories using supergravity descriptions. In nature, the most interesting
field theory whose nonperturbative dynamics is to be understood is Quantum Chro-
modynamics (QCD), i.e., dynamics of quarks and gluons. It is empirically known in
QCD that quarks, gluons and other color degrees of freedom are confined into hadrons.
Also chiral symmetry of QCD with massless quarks is spontaneously broken in vacuum
and pions are the Nambu-Goldstone (NG) bosons associated with it. Moreover at very
high temperature/density, QCD is expected to demonstrate some phase transitions into
quark-gluon plasma (QGP) [5] and color superconducting (CSC) phases [6]. These de-
confined phases are intimately connected to physics of the early universe, heavy ion
collisions and compact stars. It is currently a major interest in QCD to comprehend
space-time evolution of hadronic systems in those phases.
Shortly after Maldacena’s work, many people including himself have tried to ap-
ply the idea of AdS/CFT duality to QCD(-like) theories. For instance, Wilson loop
operator, which is the order parameter of confinement/deconfinement transition, in
N=4 SUSY Yang-Mills was computed [7] and a nontrivial dependence on the gauge
coupling was found there. Besides the glueball mass spectra in QCD without matter
were calculated via AdS/CFT and compared with the results from Lattice QCD [8].
Furthermore, as a crucial step toward more realistic QCD, including quark degrees
of freedom has been done by Karch and Katz [9]. Shortly afterwards, the idea of [9] has
been applied to problems, such as spontaneous breaking of chiral symmetry (U(1) part),
screening effect of quark-antiquark potential via pair creation and meson mass spectra
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in different brane setups [10]. Among them, the most successful one so far is “Sakai-
Sugimoto model” [11]. In this model, QCD is realized by incorporating parallel D8-D8
branes perpendicular to D4 brane system‡. Then one can obtain quarks with different
chirality (left- and right-handed) from open string excitations stretching between D4
and D8(D8) branes, while gluons originate from D4-D4 strings. In the dual gravity
picture, D4 branes are replaced to a certain supergravity solution while D8 and D8
branes have to be connected to each other (called probe approximation). This is the
realization of chiral symmetry breaking in geometric manner. Then the excitations from
open strings stretching D8 branes are interpreted as hadrons in QCD, such as pions,
vector and axial-vector mesons. Then vector mesons are the gauge bosons associated
with flavor symmetry and its spontaneous breaking provides vector meson masses (5
dimensional Higgs mechanism). The model reproduces the experimental data (masses,
decay constants and various relations between physical parameters) much better than
expected. In addition, baryons can be treated as topological excitations in this model
[13].
On the other hand, Sakai-Sugimoto model has surprising similarity with decon-
struction approach to QCD, proposed by Son and Stephanov [14]. In this approach,
one starts from a set of 4 dimensional gauge theories with bifundamental matter fields
and take a “continuum limit” according to a certain prescription. Then one obtains 5
dimensional gauge theory coupled to scalar field (dilaton) in some curved background.
This is called “deconstruction of QCD”. In spite that the starting point is very dif-
ferent, the resultant effective action gained from the procedure is essentially the same
as that in Sakai-Sugimoto model. The difference is that in the former the background
metric is not known, but in the latter it can be determined by solving the Einstein’s
equation. In the deconstruction model, both vector and axial-vector mesons appear as
gauge bosons associated with flavor symmetry. This is nothing but an extension of the
idea of hidden local symmetry [15] into an infinitely many vector bosons.
In such a situation, an interesting 5 dimensional model motivated by AdS/CFT
correspondence was proposed by Erlich et al. [16] and Da Rold-Pomarol [17]. According
to AdS/CFT dictionary, there is a one-to-one correspondence between 4 dimensional
operators in field theory side and 5 dimensional bulk fields in gravity theory side
[18]. Utilizing this property, one can start from 4 dimensional QCD and guess its 5
dimensional holographic dual [19]. This approach is called “AdS/QCD” or the bottom-
up approach. Although there are an infinitely many operators in QCD, as far as
dynamics of chiral symmetry is concerned, it is enough to take into account several
ones, such as left- and right-handed flavor vector currents and chiral condensate. Vector
current couples to a bulk vector field at the boundary while chiral condensate a bulk
‡The D4 brane system itself has been originally introduced by Witten [12]
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scalar field. Then the resultant 5 dimensional action involves vector and axial-vector
mesons (ρ, a1 etc) and scalar and pseudo-scalar mesons (π, σ etc). There are several
parameters in the model so that one can make some predictions after fixing those
parameters from the experimental data.
After the works by [16] and [17], lots of applications and improvements of the
original model have been accomplished. For instance, deformation of bulk geometry
[20] as well as bulk Lagrangian [21], incorporating other degrees of freedom into the
original model such as scalar mesons [22], tensor mesons [23], glueballs [24], baryons
[25] and other exotics [26], study of the Regge trajectries [27], evaluation of inter-
quark potential [28], extension to finite temperature/density [29], form factors [30],
phenomenological studies [31] and other general issues [32].
The purpose of this manuscript is as follows: At first, we would like to review the
bottom-up approach (AdS/QCD) in detail with a simple setup involving bulk meson
and nucleon fields. Then we propose a scenario of unification of hadron physics in higher
dimensional space-time. There all mesons and baryons are ”unified” from holographic
point of view and finally it might be possible to find out “generalized” low-energy
theorems, where not only pions but also other vector and scalar mesons are treated
collectively at low energies. Motivated by the scenario, we specifically try to investigate
general properties of meson-nucleon couplings and see some useful relations. At the
end, we summarize and give some forthcoming perspectives.
2 Review of bottom-up approach (AdS/QCD)
2.1 An example of 5D holographic model of QCD
As has been denoted in the previous section, according to field-operator correspondence,
there is one-to-one map between 4 dimensional operators in field theory living on the
boundary and 5 dimensional bulk fields in gravity side. In particular, a conserved
current in 4 dimension is coupled to a massless gauge boson on the boundary. Then
the profile of the field can be determined through the classical equation of motion in
the bulk with some appropriate boundary conditions.
In the bottom-up approach of holographic QCD, the above spirit is utilized by
beginning from 4 dimensional QCD and guessing its 5 dimensional holographic dual
[19]. In QCD, there is an infinitely many operators, but as far as chiral dynamics is
concerned, we can restrict ourselves to a certain set of operators, which are the left-
and right- conserved chiral current JµaL,R ≡ q¯L,RγµtaqL,R , where ta’s are SU(Nf ) flavor
generators and chiral condensate q¯αRq
β
L, where α and β are SU(Nf ) flavor indices in
fundamental representation. With respect to those operators, one is able to assign 5
dimensional bulk fields. This is summarized in Table below (Fig.1).
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4D:O(x) 5D:φ(x, z) p ∆ (M5)2
q¯Lγ
µtaqL A
a
Lµ 1 3 0
q¯Lγ
µtaqR A
a
Lµ 1 3 0
q¯αRq
β
L (2/z)X
αβ 0 3 -3
Fig.1 Table of AdS/QCD (meson part) [16, 17]
The system of our interest consists of SU(Nf )L × SU(Nf )R gauged flavor theory
with a bulk scalar field X , which belongs to bifundamental representation under the
gauge groups. The action we consider here as the meson sector is given by
S =
∫
d5x
√−gTr
[
|DX|2 −M25 |X|2 −
1
2g25
(F 2L + F
2
R)
]
, (2.1)
where the background metric is taken as 5 dimensional Anti-de Sitter space (AdS5)
§:
ds2 =
1
z2
(ηµνdx
µdxν − dz2) ε ≤ z ≤ zm (2.2)
Here µ, ν runs from 0 to 3 and ε and zm are the inverse of UV and IR cutoff scales,
respectively.
Furthermore, a covariant derivative and a 5 dimensional bulk scalar mass are defined
through the dictionary of AdS/CFT correspondence as follows:
DMX = ∂MX − iALMX + iXARM , (2.3)
M25 = ∆(∆− 4) = −3. (2.4)
∆ denotes a conformal dimension of the operator in 4 dimension as seen in Fig. 1.
Then the classical equation of motion for X is written as[
− 1
z3
∂µ∂
µ + ∂z
(
1
z3
∂z
)
− M
2
5
z5
]
X = 0, (2.5)
which has a solution as follows:
X(z) =
1
2
(Mz + Σz3), (2.6)
where two integration constants, M and Σ, are determined by the boundary conditions
at z = ǫ and z = zm. Here we have assumed that the classical solution of X depends
only on the fifth coordinate z and used the relationM25 = −3 (∆ = 3) which is valid for
scalar field. The physical meanings of M and Σ are the bare quark mass (i.e., explicit
breaking of chiral symmetry) and the chiral condensate (spontaneous chiral symmetry
breaking). Below we take M = mq1Nf×Nf and Σ = σ1Nf×Nf for simplicity.
§This is not a unique choice, but just for brevity. Indeed various possibilities of deformed bulk
from AdS5 have been proposed. For instance, see [20].
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2.2 Gauge boson sector
We next turn to the vector boson sector. For later use, it is convenient to rewrite the
gauge bosons into the following base:
VM =
1
2
(ALM + A
R
M), AM =
1
2
(ALM −ARM ). (2.7)
To study the KK spectrum and the corresponding mode functions of the vector and
axial vector mesons, it is enough to extract the quadratic terms in the action:
Squad =
∫
d5x
1
z5
[
− 1
2g25
Tr(∂MA
L
N − ∂NALM)2 + (L↔ R)
]
=
∫
d5x
(
− 1
4g25z
)
[∂µVν∂
µV ν − ∂µVν∂νV µ + ∂µAν∂µAν − ∂µAν∂νAµ
−(∂µVz − ∂zVµ)2 − (∂µAz − ∂zAµ)2
]
. (2.8)
2.2.1 Vector meson part
Let us first focus on the vector gauge boson sector. For that purpose, we introduce the
gauge-fixing term which cancels the mixing term proportional to VµV5:
LVgf = −
1
2ξV g25z
[
∂µV
µ − ξV z∂z
(
Vz
z
)]2
(2.9)
where ξV is a gauge fixing parameter. Then we have the vector part of Lagrangian
LV = − 1
4g25z
[
∂µVν∂
µV ν − ∂µVν∂νV µ − (∂µVz − ∂zVµ)2 + 1
ξV
(
∂µV
µ − ξV z∂z
(
Vz
z
))2]
= − 1
4g25z
[
∂µVν∂
µV ν − ∂µVν∂νV µ − (∂µVz)2 − (∂zVµ)2 + 1
ξV
(∂µV
µ)2 + ξV z
2
(
∂z
(
Vz
z
))2]
= − 1
4g25z
Vµ
[
−∂2ηµν + ∂µ∂ν + z∂z
(
1
z
)
∂zη
µν − 1
ξV
∂µ∂ν
]
Vν (2.10)
where the integration by parts are performed to arrive at the last expression. As a
result, the boundary (surface) term should be vanished
[Vν∂zV
ν ]zmǫ = 0. (2.11)
Note also that Vz decouples in a unitary gauge ξV → ∞ because the mass of Vz
originated from the gauge-fixing term diverges (see, the last term in the second equation
in (2.10)),
m2Vz ∝ ξV z2
(
∂z
(
1
z
))2
→∞. (2.12)
The equation of motion for Vµ in the unitary gauge can be easily read as[
−∂2ηµν + ∂µ∂ν + ηµνz∂z
(
1
z
)
∂z
]
Vν = 0. (2.13)
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Expanding in mode as Vν(x, z) =
∑
n V
ν
n (x)f
V
n (z) gives us the mode equation[
m2n + z∂z
(
1
z
)
∂z
]
fVn (z) = 0 (2.14)
where mn denotes a four dimensional KK mass and a condition ∂
µVµ = 0 is used since
we focus on the transverse part of the gauge field.
One obtains the mode function fVn (z) as
fVn (z) = z [c1J1(mnz) + c2Y1(mnz)] , (2.15)
where c1,2 are integration constants determined by the boundary conditions f
V
n (ε) =
∂zf
V
n (zm) = 0. In more explicit form,
0 = ε[c1J1(mnε) + c2Y1(mnε)], (2.16)
0 = c1J1(mnzm) + c2Y1(mnzm) + zm[c1J
′
1(mnzm) + c2Y
′
1(mnzm)]. (2.17)
Here J1 and Y1 are the Bessel functions. These conditions can be converted to a
condition for determining KK mass spectrum by eliminating c2.
− 1
zm
=
J ′1(mnzm)Y1(mnε)− J1(mnε)Y ′1(mnzm)
J1(mnzm)Y1(mnε)− J1(mnε)Y1(mnzm) . (2.18)
To solve this equation, we make use of the following asymptotic forms of Bessel func-
tions:
J1(mnε) ≃ mnε
2Γ(2)
, Y1(mnε) ≃ − 2
πmnε
(2.19)
for mnε≪ 1 and
J1(mnzm) ≃
√
2
πmnzm
cos
(
mnzm − 3
4
π
)
, J ′1(mnzm) ≃ −
√
2mn
πzm
sin
(
mnzm − 3
4
π
)
,
Y1(mnzm) ≃
√
2
πmnzm
sin
(
mnzm − 3
4
π
)
, Y ′1(mnzm) ≃
√
2mn
πzm
cos
(
mnzm − 3
4
π
)
,
(2.20)
for mnzm ≫ 1. Plugging these approximated expressions into (2.18) leads to
− 1
zm
≃ −mn tan
(
mnzm − 3
4
π
)
. (2.21)
The n-th KK mass is finally found as
mn ≃
(
n− 1
4
)
πz−1m (n = 1, 2, · · ·). (2.22)
As for the first excited state (n = 1), namely ρ meson, one obtains the mass as [16, 17]
mρ ≃ 3
4
πz−1m ≃ 2.4z−1m . (2.23)
On the other hand, ρ meson mode function is given by
f ρ(z) =
zJ1(mρz)√∫ zm
ε dzz[J1(mρz)]
2
. (2.24)
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2.2.2 Axial vector meson part
Next let us turn to the axial vector sector. Since the longitudinal part of the axial
vector meson couples to the bulk scalar field X , one has to take into account the
quadratic part of Lagrangian involving both of them:
LA+X = − 1
4g25z
[
∂µAν∂
µAν − ∂µAν∂νAµ − (∂µAz − ∂zAµ)2
]
+
v2
z3
[
(∂µP −Aµ)2 − (∂zP −Az)2
]
, (2.25)
where a pseudoscalar field P is a phase of the bulk scalar field X defined as X(x, z) =
v(z)eiP and v(z) = 1
2
(mqz + σz
3).
One also needs to add the gauge-fixing term such as
LAgf = −
1
2ξAg25z
[
∂µAµ − ξAz∂z
(
Az
z
)
+ 2
√
2g25
ξA
z2
v2P
]2
. (2.26)
Thus, the resultant Lagrangian (quadratic part only) in a unitary gauge is given as
Laxial = − 1
4g25z
Aaµ
[
−gµν∂2 + ∂µ∂ν + gµνz∂z
(
1
z
)
∂z
]
Aaν +
v2
2z3
(∂µP
a −Aaµ)2 (2.27)
with vanishing boundary (surface) terms
[Aµ∂zA
µ]zmε = 0. (2.28)
The equation of motion is easily derived as[
−m
2
n
z
− ∂z
(
1
z
)
∂z +
2g25v
2
z3
]
fAn = 0 (2.29)
and the boundary conditions are given by
fAn (0) = ∂zf
A
n (zm) = 0. (2.30)
Note here that unlike the vector meson case, the axial meson sector depends on v(z),
i.e., the vacuum structure. Plugging an explicit expression of v(z) leads to
[
−m
2
n
z
− ∂z
(
1
z
)
∂z + 2g
2
5
(
M
2
+
σ
2
z2
)2]
fAn = 0. (2.31)
Obviously, the equation of motion for the axial vector has a z-dependent mass term
and cannot be solved analytically. As an approximation, the bulk mass is supposed to
be the brane localized mass at QCD brane (z = zm). This is because v(z) is localized
towards the brane at z = zm. In this approximation, the equation of motion in the
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bulk is the same as that of vector meson, but the boundary condition at z = zm is
modified as follows.
0 =
(
∂z + 2g
2
5
v2
z2
)
fAn (z)
∣∣∣∣∣
z=zm
. (2.32)
We have already known a general solution in the bulk:
fAn (z) = c1z
[
J1(mnz)− J1(mnε)
Y1(mnε)
Y1(mnz)
]
, (2.33)
where the boundary condition at z = ε is imposed.
By imposing the modified boundary condition (2.32) at z = zm, we end up with
finding the condition to determine the KK mass spectrum:
− 1 +
σ2
2
g25z
5
m
zm
=
J ′1(mnzm)Y1(mnε)− J1(mnε)Y ′1(mnzm)
J1(mnzm)Y1(mnε)− J1(mnε)Y1(mnzm) . (2.34)
Likewise in the vector meson case, the right hand side of the condition can be approx-
imated and we obtain the following result:
tan
(
mnzm − 3
4
π
)
≃ 1 +
σ2
2
g25z
5
m
mnzm
≃ g
2
5σ
2
2mn
z4m (2.35)
where zm ≫ 1 is taken in the final approximation.
Once if we make use of the mass of the first excited axial vector meson, a1,
ma1zm ≃ 1230 MeV ×
2.4
770 MeV
, (2.36)
the value of the chiral condensate can be extracted from
(g5σ)
2 ≃ 2ma1
z4m
tan
(
ma1zm −
3
4
π
)
, (2.37)
which leads to
(g5σ)
2/5 ≃ 775 MeV. (2.38)
The normalized wave function of a1 is given by
fA1 (z) =
zJ1(ma1z)√∫ zm
ε dzz[J1(ma1z)]
2
. (2.39)
2.3 Baryon sector with chiral symmetry breaking
Now we turn to the baryon sector. Analysis of spin 1
2
baryon in the context of holo-
graphic QCD has already been done, for instance, in [33]. Here we follow their work
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and try to derive the meson coupling to nucleon. As we will show in the next section,
this will give us an explicit example of a unified approach from holographic viewpoint.
Let us review the baryon sector in AdS/QCD [33]. At first, the 5 dimensional bulk
Lagrangian for baryon is provided as follows:
LBaryon =
√−g
[
i
2
N¯1e
M
A Γ
A∇MN1 − i
2
(∇†MN¯1)eMA ΓAN1 −m5N¯1N1
]
, (2.40)
where ΓA (A = 0, 1, 2, 3, 5) are 5D Dirac matrices, N1 is a Dirac fermion field trans-
forming as (Nf , 1) under the gauge group SU(Nf )L × SU(Nf )R, and the fu¨nfvein is
defined through eAM =
1
z
ηAM (M is a space-time coordinate index and A is a local Lorenz
coordinate one). The covariant derivatives with respect to the general coordinate trans-
formation and the gauge transformation are given by
∇µ = ∂µ + i
4
ωABµ ΓAB − iALµ = ∂µ +
1
2z
ΓzΓµ − iALµ , (2.41)
∇z = ∂z − iALz (2.42)
where the nonvanishing spin connections are ωzAM =
1
z
δAM . Note here that the bulk mass
m5 is related to the scaling dimension ∆ of a corresponding boundary operator:
m25 = (∆− 2)2 . (2.43)
It should be emphasized that the above calculations do not care about effects of
chiral symmetry breaking. Once taking into account the effects, Yukawa interaction in
the bulk should be introduced as follows:
LYukawa = −gY N¯1XN1 − gY N¯2X†N2. (2.44)
In this case, we should solve the following mode equations,(
∂z − ∆z −gY v(z)z
−gY v(z)†
z
∂z − 4−∆z
)(
f1L
f2L
)
= −mn
(
f1R
f2R
)
, (2.45)
(
∂z − 4−∆z gY v(z)z
gY v(z)
†
z
∂z − ∆z
)(
f1R
f2R
)
= mn
(
f1L
f2L
)
, (2.46)
where f1L is a wavefunction for N1 satisfying the chirality condition iΓ
zN1L = +N1L
and similarly for others (f1R, f2L and f2R). mn represents the KK masses for baryons.
Here it might be instructive to show how the solution looks like even in the case of
no chiral symmetry breaking. In this case (gY → 0), f1 and f2 sectors are completely
decoupled to each other, then we end up with the following set of equations for f1
sector: [
∂2z −
4
z
∂z +
6 +m5 −m25
z2
]
fn1L(z) = −m2nfn1L(z), (2.47)[
∂2z −
4
z
∂z +
6−m5 −m25
z2
]
fn1R(z) = −m2nfn1R(z). (2.48)
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The solution is obtained as
fn1L(1R)(z) = z
5/2
[
c1J|m5∓ 12 |
(mnz) + c2Y|m5∓ 12 |
(mnz)
]
(2.49)
where the right-handed mode function is obtained by replacing m5 ↔ −m5 in the left-
handed mode function (the upper(lower) sign corresponds to the left(right)-handed
mode).
In our case, the scaling dimension of the baryon operator is ∆ = 9
2
, which implies
that the bulk mass is fixed to be m5 = ±52 . Following [33], the sign of the bulk mass
is chosen such that the left(right)-handed zero mode comes from N1(N2). We see from
(2.43) with ∆ = 9
2
that m5 =
5
2
(−5
2
) for N1(N2). Therefore, the mode functions are
found as
fn1L(z) = z
5/2 [c1LJ2(mnz) + c2LY2(mnz)] , (2.50)
fn1R(z) = z
5/2 [c1RJ3(mnz) + c2RY3(mnz)] . (2.51)
The boundary condition fn1L(0) = 0 tells us
cn2L = −
J2(mnε)
Y2(mnε)
cn1L =
π
2
(
mnε
2
)4
cn1L → 0 (ε→ 0) (2.52)
where the asymptotic form of Bessel function are used
J2(mnε) ≃ 1
Γ(3)
(
mnε
2
)2
, Y2(mnε) ≃ −1
π
(
2
mnε
)2
. (2.53)
Thus, we get
fn1L(z) = c
n
1Lz
5/2J2(mnz). (2.54)
The right-handed mode function can be obtained from (2.46)
fn1R(z) = −
1
mn
(
∂5 − 2 +
5
2
z
)
(cn1Lz
5/2J2(mnz)) = c
n
1Lz
5/2J3(mnz). (2.55)
Another boundary condition fn1R(zm) = 0 leads to the condition for determining the
KK mass spectrum,
J3(mnzm) = 0. (2.56)
Similar analysis can be also applied to N2 by replacing m5 = −5/2 and L ↔ R.
The boundary condition fn1R(0) = 0 says
cn2R = −
J3(mnε)
Y3(mnε)
cn1R = −
π
Γ(4)
(
mnε
2
)6
cn1R → 0 (ε→ 0). (2.57)
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Thus, we find
fn2R(z) = c
n
1Rz
5/2J2(mnz). (2.58)
The left-handed mode function is also obtained as
fn2L(z) =
1
mn
(
∂5 − 2 +
5
2
z
)
(cn1Rz
5/2J2(mnz)) = −cn1Rz5/2J3(mnz). (2.59)
The KK mass spectrum is obtained from another boundary condition fn2L(z) = 0,
J3(mnzm) = 0. (2.60)
In summary, we have obtained the following wave functions and the KK mass spectrum
of the baryon.
fn1L(z) = c
n
1z
5/2J2(mnz), f
n
1R(z) = c
n
1z
5/2J3(mnz), (2.61)
fn2L(z) = −cn2z5/2J3(mnz), fn2R(z) = cn2z5/2J2(mnz), (2.62)
and
J3(mnzm) ∝ cos
(
mnzm − 7
4
π
)
= 0→ mn ≃
(
n− 3
4
)
πz−1m . (2.63)
The normalization constants c1,2 are fixed as follows.
∫ zm
0
dzz|J3(mnz)|2 =

z
2
2


(
1− 9
(mnz)2
)
J3(mnz)
2 + (J ′3(mnz))
2︸ ︷︷ ︸
(J2(mnz)− 3mnz J3(mnz))
2




zm
0
=
z2m
2
J22 (mnzm), (2.64)
∫ zm
0
dzz|J2(mnz)|2 =

z
2
2


(
1− 4
(mnz)2
)
J2(mnz)
2 + (J ′2(mnz))
2︸ ︷︷ ︸
(−J3(mnz)+ 2mnzJ2(mnz))
2




zm
0
=
z2m
2
J22 (mnzm) (2.65)
where we note J2,3(0) = J3(mnzm) = 0. Thus, the normalization constant is found as
|c1,2| =
√
2
zmJ2(mnzm)
. (2.66)
In the case with chiral symmetry breaking, N1 and N2 are coupled with each other.
Then one cannot solve the equations of motion analytically. We have to perform
numerical analysis.
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3 Toward a unified description of hadron physics
from holographic QCD
3.1 “Holographic unification” of hadrons
As we have already seen in the previous sections, the idea of gauge/string duality,
where one of the concrete realizations is the AdS/CFT correspondence, naturally leads
us to the conjectured scenario of an unified description of hadrons in holographic way.
According to the scenario, all the mesons and baryons (and even some other exotics) are
“unified” in 5 dimensional curved space-time. So that various physical quantities in 4
dimensions, which seem to be different mutually, might be understood collectively. We
shall call this “holographic unification” of hadrons. It means not only the unification of
matter in the sense of Kaluza-Klein, but also the unification of their physical properties
such as couplings, low-energy behaviors and so on.
As such an example, we consider below the meson-nucleon couplings from unified
point of view.
3.2 Meson-nucleon couplings from unified point of view
The basic spirit of AdS/QCD is that one writes down all the possible terms allowed
by symmetries in the bulk and evaluates different physical quantities defined on the
boundary. Note here that since we are dealing with higher dimensional field theory,
renormalizability cannot be a guiding principle any more.
Now let us consider the meson-nucleon couplings based on the system argued in the
previous section. First, one starts with the pion-nucleon coupling. In terms of holo-
graphic QCD, it is derived from Yukawa coupling (2.44) as well as the 5th component
of the covariant derivative (2.40):
LπNN =
∫ zm
0
dz
√−g
[
i
2
N¯1Γ
5(−iALz )N1 −
i
2
(iALz N¯1)Γ
zN1 + (L↔ R, 1↔ 2)
]
+
∫ zm
0
dz
√−g
[
−gY N¯1XN1 − gY N¯2X†N2
]
. (3.1)
From this, one can read the pion-nucleon coupling as [33]
gπN lN l =
∫ zm
0
dz
1
z4
[
fπ(f l∗1Lf
l
1R − f l∗2Lf l2R)−
gY
2v(z)zg25
∂z
(
fπ
z
)
(f l∗1Lf
l
2R − f l∗2Lf l1R)
]
(3.2)
where fπ is a mode function of pion originated from the 5th component of the axial
vector gauge boson Az.
On the other hand, the vector and axial-vector meson-nucleon couplings in holo-
graphic QCD are supplied in two ways. The first one originates from the covariant
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derivative of the gauge interactions:
Lgauge =
∫ zm
0
dz
√−g
[
i
2
N¯1e
M
A Γ
A(−iALM )N1 −
i
2
(iALMN¯1)e
M
A Γ
AN1
+
i
2
N¯2e
M
A Γ
A(−iARM )N2 −
i
2
(iARMN¯2)e
M
A Γ
AN2
]
⊃
∫ zm
0
dz
1
z4
[
N¯1γ
µVµN1 + N¯2γ
µVµN2 + N¯1γ
µAµN1 − N¯2γµAµN2
]
=
∫ zm
0
dz
1
z4
fVn
(
|f l1L|2 + |f l1R|2
) [
N¯ l1γ
µV nµ N
l
1 + N¯
l
2γ
µV nµ N
l
2
]
+
∫ zm
0
dz
1
z4
fAn
(
|f l1L|2 + |f l1R|2
) [
N¯ l1γ
µAnµN
l
1 − N¯ l2γµAnµN l2
]
, (3.3)
where the parity properties of the mode functions f1L = f2R, f1R = −f2L are used
[33, 35].
In addition, the vector and axial-vector meson-nucleon couplings are given by the
Pauli term:
LPauli = c
∫ zm
0
dz
√−gi
[
N¯1Γ
MNFLMNN1 − N¯2ΓMNFRMNN2
]
⊃ c
∫ zm
0
dz
i
z3
[
N¯1LΓ
µzF VµzN1L + N¯1RΓ
µzF VµzN1R − (1↔ 2)
]
+c
∫ zm
0
dz
i
z3
[
N¯1LΓ
µzFAµzN1L + N¯1RΓ
µzFAµzN1R + (1↔ 2)
]
⊃ −c
∫ zm
0
dz
1
z3
[
N¯1Lγ
µγ5(∂µVz − ∂zVµ)N1L + N¯1Rγµγ5(∂µVz − ∂zVµ)N1R
−(1↔ 2)]
−c
∫ zm
0
dz
1
z3
[
N¯1Lγ
µγ5(∂µAz − ∂zAµ)N1L + N¯1Rγµγ5(∂µAz − ∂zAµ)N1R
+(1↔ 2)] (3.4)
where c is a constant which is determined by the anomalous magnetic dipole moments
of the proton and neutron as discussed in [35]. In the second and third lines, we extract
only the µz component relevant to the meson-nucleon coupling. In the last expression,
the commutator in the field strength is dropped and the relation between 4D and 5D
gamma matrices γ5 = −iΓz is used.
Thus, we obtain the vector and axial-vector meson-nucleon couplings as follows:
gvnN lN l ≡
∫ zm
0
dz
1
z4
[
fVn + cz∂zf
V
n
] [
|f l1L|2 + |f l1R|2
]
, (3.5)
ganN lN l ≡
∫ zm
0
dz
1
z4
[
fAn + cz∂zf
A
n
] [
|f l1R|2 + |f l1L|2
]
(3.6)
where n, l are the KK mode indices of (axial) vector meson and nucleons.
As a bonus, the derivative pion-nucleon coupling ∂µπNN is also included in the
Pauli term,
g∂πN lN l ≡ −c
∫ zm
0
dz
1
z3
fπ
[
|f l1L|2 + |f l1R|2
]
. (3.7)
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z−1m (GeV) gρNN ga1NN gπNN
0.205 0.08 0.42 -1320
0.33 -0.54 -4.09 -25.6
0.4 0.21 1.87 -14.9
0.5 0.24 3.04 -13.5
0.6 0.32 4.16 -13.2
0.7 0.41 4.65 -13.4
0.8 0.42 3.92 -13.9
0.9 0.23 1.45 -14.9
1.0 -0.33 -2.93 -16.4
Table 1: Table of numerical results for various meson-nucleon couplings.
z−1m (GeV) gY gρNN ga1NN gπNN
0.6 26.5 ∼ 26.9 -4.3 ∼ -6.2 -8.2 ∼ -10.5 -20.1 ∼ -22.0
0.7 33.6 ∼ 34.0 -5.1 ∼ -6.2 -10.1 ∼ -11.4 -19.8 ∼ -20.7
0.8 38.6 ∼ 40.2 -4.2 ∼ -6.4 -10.0 ∼ -13.1 -18.8 ∼ -20.5
0.9 42.5 ∼ 44.1 -5.1 ∼ -6.5 -13.0 ∼ -15.1 -19.8 ∼ -20.9
1.0 39 ∼ 43.8 -4.2 ∼ -6.5 -13.7 ∼ -17.6 -19.9 ∼ -21.7
Table 2: Yukawa coupling dependence for various meson-nucleon couplings with fixed
z−1m .
This coupling constant is related to gπNN through the Goldberger-Treiman relation
g∂πNN = mπ/(2mN)gπNN , and the consistency can be checked.
We summarize the numerical results for the above couplings in Tables 1 and 2.
As an illustration, we have calculated the rho meson-nucleon coupling, the a1 meson-
nucleon coupling and the pion-nucleon coupling (which has already been calculated in
[33]). In this calculation, we regard the infrared cutoff scale z−1m and Yukawa coupling
constant for nucleon gY as free parameters. We have chosen various input parameters
(bare quark mass, chiral condensate and 5 dimensional gauge coupling) as
mq = 2.34 MeV, σ
1/3 = 311 MeV, g5 = 2π. (3.8)
These values reproduce the pion mass mπ = 140 MeV [16].
In Table 1, we have fixed Yukawa coupling gY = 9.182 as taken in [35] and calculated
couplings gρNN , ga1NN and gπNN for various IR cutoff scales z
−1
m . One can see that if the
IR scale z−1m is around 0.7, the observed value of the pion-nucleon coupling gπNN = 13.6
is well reproduced. The rho meson-nucleon coupling is however at most 10 percent of
experimental value gρNN = 4.2 ∼ 6.5.
In Table 2, we have tried to improve the results in Table 1 by fixing the IR scale
z−1m , but changing Yukawa coupling gY . We have found a parameter region of the
Yukawa coupling gY where the experimental value of rho meson-nucleon coupling is
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reproduced.¶ In this region of parameter space, the pion-nucleon coupling does not
deviate from the experimental value so much. On the other hand, the a1 axial vector
meson-nucleon coupling is significantly changed compared to the pion-nucleon coupling.
Here is a comment on comparison of our results with those analyzed by using
skyrmions as baryons [34]. We found that the both results qualitatively agree, namely
the coupling between the rho meson and nucleons gρNN reproduces very well, but the
pion-nucleon coupling gπNN deviates around 50% from the experimental data. As
for the coupling between the axial-vector meson and nucleons ga1NN , we cannot say
anything about it since we have no experimental data to compare.
Although our obtained results are relatively good as a first step, we certainly need
to improve the results. For that aim, we might have to take into account other back-
ground geometry, quantum gravity and stringy corrections, and a possible anomalous
dimension to the baryon operator and so on beyond our simplified approach.
4 Summary
In this paper, motivated by recent developments of gauge/string duality applied to
hadron physics, we have considered the bottom-up approach called AdS/QCD. Unlike
the top-down approach, one cannot precisely determine the bulk geometry as well as
the coupling strength among the bulk fields. However symmetries in the system, which
are originally global on the boundary and are lifted up to local in the bulk, can be fully
utilized. This is a similar situation to chiral Lagrangian in QCD at low energies.
In the later part of this paper, we have discussed the conjectured scenario called
“holographic unification” of all the mesons and baryons. As a concrete example, we
have considered the meson-nucleon couplings and found some interesting results. One
can further proceed with this idea to compute other physical quantities such as ten-
sor couplings as well as other meson-nucleon couplings including scalar mesons and
hyperons.
Note Added
After completing our paper, we noticed a paper [36] with some overlaps in the calcu-
lation of the meson-nucleon couplings.
¶For 0.2 ≤ z−1
m
≤ 0.6, we could not find a viable parameter region for Yukawa coupling where the
observed rho meson-nucleon coupling is realized.
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